I. INTRODUCTION
I N MANY areas of biophysics, biochemistry and biomedicine measurements are based on two fundamental concepts, namely spectroscopy (fluorescence and absorption) and evanescent field interaction [1] - [3] . The second concept is based on the partial overlap of the evanescent guided electromagnetic wave with a medium whose refractive index (RI) is measured. The measurement of RI changes has applications such as the study of molecular structure and identification of organic compounds in the medical, pharmaceutical, food and petrochemical industries [4] .
Tapered fiber-based sensors have recently been reported as simple and cost-effective alternatives among many types of fiber-optic sensors [5] - [13] . Some of the tapered sensors reported include biconical fiber tapers that can measure stress, temperature, and RI [5] , [6] ; Mach-Zehnder interferometer [7] , a Michelson interferometer [8] , a tapered long period grating [9] ; a tapered sensor based on absorption [10] ; a tapered fiber humidity sensor [11] ; and a temperature-independent strain sensor made from a tapered holey optical fiber [12] , [13] .
Optical fiber loop mirrors (FLM) have been developed for gyroscopes and explored for other sensor applications due to their unique advantages, such as simple design, ease of manufacture, lower susceptibility to environmental pickup noise in comparison to other types of fiber optic sensors, high sensitivity to external perturbation change, polarization independence to input light, low insertion loss, electromagnetic immunity, and high measuring precision [14] . Usually, the fiber loop mirror sensor configuration is based on a high-birefringent fiber to obtain an optical path difference between the fast and the slow axes. Recently, intermodal interference in a small core microstructured fiber loop mirror was demonstrated [15] . In this work a new configuration based on a NATOF inserted in a FLM used as an optical refractometer is presented. It is demonstrated the possibility of tuning the device sensitivity to RI variations of the surrounding medium by using polarization control. In this case, the interference is guaranteed by excitation of different high order modes.
II. EXPERIMENT

A. Nonadiabatic Taper Fabrication and Experimental Setup
Fiber tapers may be divided into two distinct categories: adiabatic and nonadiabatic [4] , [5] . The nonadiabatic fiber tapers can be made so that coupling occurs primarily between the fundamental mode of the unpulled fiber and higher order modes of the taper waveguide, where due to the large difference of the RIs of air and glass, the taper normally supports more than one mode. The light propagates at the air-cladding interface of the tapers waist region in which case the SMF is converted into a multimode waveguide. The result of back and forth coupling between the single mode of the fiber and the two (or more) modes of the taper is an oscillatory spectral response. Therefore, with the NATOF, one achieves a modal Mach-Zehnder interferometer, as conceptually shown in Fig. 1(a) -(b). The efficiency of this last coupling is dependent on the relative phase of the participating modes. When there are only two modes, the relative phase is , where and are the difference in propagation constants of the two modes and the interaction length along the taper, respectively. Therefore, the spectral response of the taper will shift correspondingly by changing the above terms. For instance, if the RI of the surrounding environment of the taper changes, the difference in propagation constants and the relative phase would be modified leading to a shift of the spectral response. It is thus obvious that one can build sensitive RI sensors based on the NATOF [4] , [5] . This interferometric device is appealing for environmental sensing also because to a certain extent it is possible to tune its sensitivity to external RI variations by selecting the order of the cladding mode. The NATOF was fabricated with heat pulling method utilizing a CO2 laser [4] . The present experiment was performed using a NATOF with a taper length between 17 and 20 mm and an average taper waist diameter in the range of 6-8 m. Fig. 1(c) illustrates the experimental setup which consists of an optical broadband source, a fiber loop mirror, a NATOF and an optical spectrum analyzer (OSA) with a maximum resolution of 10 pm. The optical source is an erbium doped broadband source, with a central wavelength of 1550 nm and a spectral bandwidth of 100 nm. The taper-fiber loop mirror (TFLM) is formed by a 3 dB optical coupler, two polarization controllers (PCs) and a NATOF placed between the PCs. Light travels towards the 3 dB coupler at port 1, and is split into two counterpropagating beams having fifty percent of the input power and a relative phase difference of /2. Because the coupling efficiency to the different modes supported by the NATOF is polarization dependent, using this configuration it becomes possible to optimize the visibility of the fringe pattern and even its periodicity. This can be done by adjusting the PCs and therefore changing the way high order cladding modes are excited. Using two PCs allow us to create different coupling conditions for each of the counter propagating beams breaking the symmetry of the fiber loop resulting in an interferometric output that is very sensitive to external RI.
B. Results
To measure the sensitivity of our tapered fibers to the RI of the surrounding environment, the fiber holder was filled with different concentrations of salt solution and its optical transmission was measured. The RI of the solutions tested was in the range from 1.3380 to 1.3510. After each measurement, a micropipette was used to remove the solution from the fiber holder, and the device was washed three times with distilled water.
In the experimental setup, the NATOF was fixed under tension in the fiber holder preventing its bending inside the fiber holder. As a result strain was a constant parameter during the experiment. During the tests the temperature of the solution was kept approximately constant showing changes smaller than C. These fluctuations lead to wavelength shifts of about nm which is the OSA maximum accuracy. Therefore, during the test, the NATOF showed no cross sensitivity to temperature and strain.
By varying any of the PCs, the coupling conditions to different cladding modes are changed in each arm of the TFLM resulting in different optical paths for clockwise and counterclockwise beams. In Fig. 2 the results obtained for three different positions of the PCs are presented. At this stage, the different positions of the PCs, were chosen empirically by monitoring it's effect on the interferometer output, with the purpose of demonstrating the possibilities of introducing polarization control in NATOF based sensors. Comparison of Figs. 2(a) and (b) shows that the amount of power coupled to each mode can be controlled enabling visibility enhancement. In addition, Fig. 2(c) shows a fringe pattern with a smaller period, demonstrating the possibility to excite higher order modes. In this case a lower visibility is obtained due to lower optical power in the high order mode. It is important to point out that, in a linear setup, interference between different modes is possible only with modes that have similar azimuthally symmetry [5] . However, it is well known that when inserted in a FLM the two orthogonal polarization modes of any birefringent element can interfere by strategic placement of a PC [14] . Therefore, one of the virtues of the present setup is the possibility to explore the polarization properties of the NATOF, with simple adjustments of the PCs positions and without any concern about the polarization characteristics at the input of the loop.
Typical spectral response of the NATOF in FLM setup to RI changes is shown in Fig. 3 for position (b) of the PC. There is a 3 nm wavelength shift when the index of the liquid is changed from 1.3380 to 1.3410. We have experimentally measured the wavelength shift of transmission peak 1 (as depicted in Fig. 2 ) at different RI of the surrounding environment for different positions of the PCs. Fig. 4 shows the plots of the wavelength shift of transmission peak 1 versus the RI for the three different positions of the PCs in (a), (b), and (c). It is apparent that, in all cases, peak 1 is linearly shifted towards longer wavelength as the RI increases.
Each experiment was repeated three times, over a period of 45 min, and averaged, being obtained a maximum error bar for the measured wavelength shifts of nm. The calibration curves obtained allowed to estimate correlation coefficients, , of 0.995, 0.993 and 0.998 and sensitivities of 876 nm/RIU, 1024 nm/RIU, and 1233 nm/RIU for positions (a), (b), and (c) of the PCs, respectively. Comparing the sensitivities obtained in cases (b) and (c) with case (a) an improvement of 17% and 41% can be estimated, respectively. This sensitivity enhancement agrees with the fact that high order cladding modes are typically more sensitive to RI.
The configuration presented here offers simplicity of design and an enhancement of almost an order of magnitude in sensitivity when compared to previous work of a Hi-Bi FLP using chemical etched -type fiber for RI measurement [14] .
In addition, in this particular case, the sensitivity of the TFLM can be controlled showing great potential in several applications, particularly to monitor chemical and biological parameters in diverse applications [16] .
III. CONCLUSION
A single-mode nonadiabatic tapered optical fiber sensor was inserted into a fiber loop mirror enabling the control of its sensitivity to refractive index. In particular, by adjustment of polarization, sensitivity of the sensor for RI in the range from 1.3380 to 1.3510 could be enhanced by as much as 41% to 1233 nm/RIU. These figures are not limiting values as sensitivity and detection limit of NATOF sensor can be further enhanced by increasing the taper length and decreasing its waist diameter. In this context, the configuration presented is a simple and cost-effective way to further enhance the NATOF sensitivity and versatility, having great potential in label free optical biosensor applications such as medical diagnostics, drug screening, food safety and environment monitoring.
